Abstract. This study deals with the microphysical and electrical evolution of a thunderstorm that occurred on August 9, 1991, during the Convection and Precipitationf Electrification (CAPE) Experiment in eastern Florida. During its approximately 1-hour lifetime, the storm was penetrated several times by the Institute of Atmospheric Sciences' T-28 aircraft at midlevels. It was also penetrated at low and middle-levels by a National Oceanographic and Atmospheric Administration (NOAA) P-3 and scanned by three radars, one of which had multiparameter capabilities, operated by the National Center for Atmospheric Research. Two stages of the storm's evolution are analyzed herein during which the storm grew to produce precipitation and lightning. The first stage, sampled during the first T-28 penetration at 5.25 km (-3øC) and the P-3 at 6.4 km (-10øC), was characterized by a 2-to 3-kin wide updraft (maximum 14 m s '•) with cloud liquid water contents up to 4 g m -3, low concentrations of graupel at -10øC, and small to medium raindrops in concentrations of less than 200 m -3 at-3øC. A downdraft region also existed that was devoid of cloud liquid water, but contained graupel up to 2 mm. Radar data (Zr)•) are consistent with a coalescence-dominated precipitation generation mechanism followed by transport of drops in the updraft to heights with temperatures colder than -7øC, where freezing formed graupel that continued to grow by riming. Electrification during this stage remained weak. The second stage, sampled during the second and third T-28 penetrations and the second P-3 penetration, was characterized at midlevels by a narrower updraft and a more diffuse 
Introduction
and large-scale separation to gravitational sorting of the particles.
Questions dealing with the electrical nature of thtmderclouds This theory has been explored tbr virtually all types of hydromehave been puzzling atmospheric scientists for centuries, yet most teor collisions [e.g., Latham and Mason, 1962 ; Attfdetynattr and major advances in the field have come in only the last few dec-Johnson, 1972; Brooks and Saunders, 1994] . The noninductive ades. Despite these advances, many questions concerning charge hypothesis has been developed through a set of laboratory exstructure, mechanisms for charge separation, and electrical el-periments dating back to Reynolds et al. [1957] . It has been fects on a thunderstorm's microphysical evolution remain largely shown [e.g., Reynolds et al., 1957; Church, 1966; charge peaking at around-20øC. Takahashi inferred from these data that the tipper positive charge was carried by ice crystals and the main negative charge was carried on graupel, which he found to be consistent with the noninductive riming mechanism. Takahashi [1990] flexv a balloon-borne particle imaging system, correlating low lightning frequency xvith low graupel concentrations below the -30øC level, and higher graupel concentrations, but lack of liquid water above the -30øC level. This lack of collocated graupel and liquid water would produce weak electrification via a noninductive riming process.
Goodman et al. [1989] used a polarization-diversity radar in Alabama to examine clouds that were maritime in nature. They found that lightning occurred only after significant concentrations of ice were intbrred to have formed based on multiparameter radar signatures. Willis et al. [1994] obtained observations l¾om aircraft passes through a thunderstorm during CAPE. Electrified regions at the-7 ø to-10øC level within this storm contained graupel, relatively little cloud water, and either downdraft or a relative minimum within an updraft. The synthesis of these observations suggest that ice formation is a precursor to significant electrification in subtropical maritime storms.
In a study similar to the one described below, Ramacha•drcm et al. [1996] examined two storms on the same day during CaPE using aircraft and multiparameter radar data. Both storms were in close proximity spatially and temporally and both exhibited a multicellular character. Both storms showed development of icephase precipitation through the freezing of supercooled raindrops and the growth of electric fields to tens of kV in '• at the 6 kin (-6øC) level subsequent to the initiation of ice. While the aircraft-measured electric fields were of coinparable magnitude in both storms, only the more dynamically vigorotis cells in the second storm produced lightning. In each of these cells, the time between the first freezing of rain and first lightning was between 10 and 12 min. They concluded that the observations were consistent with a charging mechanism involving collisions of cloud and precipitation particles in regions with modest amounts of cloud water above the 6-kin level. Electrifichtion to the stage of lightning was dependent upon the vigor of the updrafts and the maximum depth of the cloud.
In this and a companion paper, xve try to shed additional light on the relation between the microphysics and electrification of subtropical storms through the analysis of both observational data and an associated modeling study. In this paper, xve deal specifically xvith the analysis of in situ and remotely sensed observational data from a thunderstonn that occurred on August 9, 1991, during CAPE. The data were analyzed in detail in order to detennine both the microphysical and electrical evolution of the storm. In section 2 we discuss the collection and analysis of the data from the August 9 storm. Section 3 covers the results of the data analysis. Section 4 summarizes the observations, and section 5 discusses how our restilts shed light on the questions raised earlier in comparison with other studies. A companion paper deals with the numerical simulations of this storm.
Data Set
Two main data sets were used in the analysis of this storm.
Data collected by radars constitute the first set. The second set comprises in situ measurements made using a variety of probes on board instrumented aircraft. The majority of the in situ data was collected by the South Dakota School of Mines and Technology T-28. Data collected by the National Oceanic and Atmospheric Administration's (NOAA) P-3 were also analyzed. Since our view of the evolution of this storm is highly dependent on the interpretation of these data, we t•cl it necessary to discuss the measurement devices used and how measurements made by each device were interpreted.
Radar Measurements
The storm on August 9 was continually scanned by three National Center for Atmospheric Research (NCAR) radars, CP-2, CP-3, and CP-4. The CP-2 was a dual-wavelength radar with multiparameter capabilities. It operated simultaneously in both the S band and the X band, corresponding to wavelengths of 10.68 cm and 3.20 cm, respectively. Both bands were able to provide reflectivity and Doppler data. In addition, the S band channel provided differential reflectivity, ZD}•, and the X band provided linear depolarization ratio (LDR).
Reflectivity data collected from CP-2 were compared to those collected from CP-3, and the two data sets compared well in both structure and value even though the CP-3 data used are raxv reflectivity data, while the CP-2 data are gridded and smoothed. Both reflectivity fields were therefore used in tile analysis of this storm. In addition, we analyzed tile difl•rential rellectivity field recorded by CP-2. Analysis of ZDR played a vital role in determining the microphysical characteristics of this storm. Differential reflectivity is a measure of the difference in backscattered power from a wave both transmitted and received polarized horizontally as opposed to one polarized vertically. Mathematically, ZDR is defined as ZDR = 10 log ZHH
Zvv where ZHH represents the reflectivity factor due to horizontally polarized transmitted and received waves and Zvv represents the reflectivity factor due to vertically polarized transmitted and received waves.
Our interpretations of ZDR measurements were based on the conclusions reached by Herzegh and Jameson [1992] . Based on analyses of Alabama thunderstorms, they concluded that from ZDR measurements one could clearly delineate regions of ice precipitation (ZDR'4) dB) from regions of significant rain precipitation (ZDP,>2 dB). Further, it •vas noted that in convective systems, ZDR can provide the information necessary to detect the presence of supercooled rain (liquid water drops above the 0øC isotherm). We refer the reader to Bri,gi and Hendty [1990] for flirther discussions on the topic of difl•rential reflectivity and its usefulness in radar meteorology.
In Situ Measurements
Data collected frmn two instnnnented aircraft were used in the analysis of this storm. The P-3 made two penetrations into the storm, one at 6.4 km mean sea level (MSL) (-10øC, ambient) about 2 rain after first echo (•-1825:00 UTC) and another at 4.1 km MSL (+3øC, ambient), 20 rain after first echo (all altitudes referred to henceforth will be with respect to mean sea level, and all times will be with respect to universal time convention).
Data collected by the P-3 and used in this analysis include particle images from both the Particle Measuring Systems Inc. (PMS) two-dimensional imaging precipitation probe (2D-P) and cloud probe (2D-C). Operation of these probes is discussed fi•rther, below. Also used were vertical wind calculations based on inertial navigation data, true air speed, and angle of attack (described by Willis et al. [1994] ). Liquid water concentrations were derived from measurements made by the King Liquid Water Probe [King et al., 1985] .
Last, we analyzed the two components of the ambient electric field derived from measurements made by four electric field meters on the aircratl. Tile two resolvable components of the electric field measured by the P-3 are the component that is vertical with respect to the Earth's surface and the component that is perpendicular to the plane's heading and horizontal with respect to the Earth's surface. Willis et al. [1994] describe the method used to calculate the electric field based on measurements from the field meters on board the P-3. Contrary to the sign convention used by Willis et al., in this discussion a positive vertical electric field (z component) rel•rs to net negative charge above the aircraft, and a positive horizontal electric field (y component) refers to net negative charge to the right of the aircraft's flight direction. This sign convention corresponds to a right-handed coordinate system in which the positive x direction (a component not resolved in the electric field calculations) points out of the tail of the aircraft.
The T-28 made seven penetrations at 5.25 'Ion (-3øC, ambient) throughout the stonn's lifetime. The first penetration (1835:15) began at about 11 rain after detection of first echo, and penetrations continued until the storm was well illto its decaying stage. The T-28 made its last penetration (1920:00) about 55 rain after first echo. Hereill we discuss data collected during the first three T-28 penetrations, corresponding to times up to about 25 after first echo (about 9 rain after first lightning). The R)urth penetration was made considerably south of the main reflectivity core. The remaining penetrations were made while the storm was in its decaying stage, after collapse of the "ZD• column," indicating at this stage the lack of sufficient updraft to maintain supercooled raindrops aloft.
Measurmnents of cloud liquid water concentrations (CLWC) from the T-28 were made using a Jolmson-Williams (JW) probe. The accuracy of this device is not as great as that of the King Probe. Tile JW responds mainly to liquid water ill the form of droplets less than 30 to 50 •tm ill diameter. Recent intercomparisons between this JW and a King Probe flown simultaneously on the T-28 show that this JW tends to give readings ---1/2 those of the King Probe ill wann-based clouds with broader cloud droplet spectra.
The vertical wind estimates (l¾om the T-28) were based on changes in aircraft pressure altitude, pitch, and vertical acceleration, using a method described by Kopp [1985] . The noise level for these calculations is about 2-3 m s '• Tile vertical wind calculation may be biased by up to a few meters per second, positively or negatively, depending on the trim of the airplane. The baseline zero value should be taken as tile value computed in straightand-level flight just prior to cloud entry.
Data from two probes on the T-28 were used in analyzing particle sizes and types: a PMS 2D-P imaging probe and a foil impactor. In this analysis, detemfination of the phases (water or ice) of the hydrometeors was considered very important. Since the determination of water phase is somewhat subjective, we discuss how this was done.
The PMS 2D-OAP probes are imaging probes designed to record a two-dimensional image (or shadow) of each sampled particle. Each probe consists of a linear array of 32 photodiodes illuminated by a laser beam. The diode array is scanned repeatedly as particles pass through the beam, yielding a two-dimensional shadow image. The optics and optical paths differ between the 2D-P and 2D-C models, giving different effective resolutions. For the 2D-P probes on both the T-28 and P-3, the effective diode spacing is ---200 [tm, while for the 2D-C probe on the P-3 tile spacing is 50 [tm.
Based on the shape of tile particle image, one can oftell determine the phase of the hydrometeor. Water drops with diameters greater than-600 [tm tend to cant (elongation along an axis of---45 ø) in the flow field around tile probe [Black and Hallet, 1986] . Graupel particles, on tile other hand, do not cant, and therefore tend to result in less regularly oriented images. Because of resolution limitations imposed by the 2D-P probe, it is difficult to determine phase for hydrometeors. For this reason we analyzed data collected by the foil impactor to help discriminate the phase of hydrometeors in regions penetrated by the T-28.
The foil impactor consists of a thin moving strip of aluminuln (-7.5 cm wide and---0.003 cm thick) that passes over a ridged drum behind an open window (with dimensions of 3.75 by 3.75 cm). As particles strike the foil, they leave ridged impressions. The ridges are spaced at 0.25 iron, which defines the resolution of the instrument; the minimuln detectable size is approximately 0.5 mm. The foil is exposed and transported only when the pilotactivated "in-cloud" switch is on. At other times, the tbil is not moving, and a metal shutter covers the foil at the window position. Each time the in-cloud switch is turned off, the shutter closes, and a punch mark is made in the foil. The foil moves at a constant speed (-3.4 cm s 'l) during a penetration, punch marks denote the boundaries between penetrations, and the times associated with these punch marks are recorded on the data system. Thus one can determine the location ill the cloud that each particle struck the foil with an nncertainty of about 100 ill (the nominal accuracy of the global positioning system receiver oil the aircraft).
The method used to determine the phases of hydrometeors that left impressions oil the foil is based oil the shapes of the ilnprints. Water drops are assumed to leave circular impressions, while ice or ice-liquid combination particles are asstuned to leave "splatter" marks. This is based oil a report prepared by Miller et al. [1967] . Laboratory experiments discussed by Knight et al. [1977] produced similar restilts, but also demonstrated that water-drop and ice-sphere impressions were indistinguishable for particles less than-3 mm in diameter. As the lbil impressions were analyzed only for their character, and not detailed concentration and size statistics, overlapping impressions in regions of high precipitation particle concentration did not hinder the analysis.
We carefi•lly considered both sets of particle data (2D-P and foil impactor) before concluding what types of particles existed in a given region in cloud. Using these two sets of data, we could discriminate between water and ice regions in cloud for particles with diameters greater than a few nm• with a reasonable degree of certainty.
In this work the primary emphasis is on precipitation particle Data from the P-3, with both 2D-C and 2D-P probes, suggest that the latter seriously underconnts particles so small they trip the probe but are not imaged, i.e. smaller than -43.4 min. For larger sizes we believe our computed concentrations are representative of actual particle concentrations. One additional consideration in the concentrations computed froin the T-28 2D-P probe in this study is that the images in the first halves of each 4 kilobyte buffer were often corrupted. This required concentrations to be estimated based on just half (the "good" half) of the total number of recorded images. When the aircraft is highly charged, as it often is during thunderstorm penetrations due to precipitation particle impacts, various locations on the airframe and propeller will discharge plumes volume. It also includes artilhcts due to water streaming off of ions. These plumes distort tile electric field sensed by the probe tips, fogged optics, and other phenomena. The precipitation particle concentration can be estimated similarly froln the foil impactor by dividing the number of valid impressions within an area of foil, by that foil area multiplied by the distance moved during the time of expostire (roughly 90 ill per second of exposure).
A more rigorous estimate of precipitation particle concentration can be obtained using the image data recorded by the PMS meters on the fuselage and wingtips and may introduce artifacts in estimates of mnbient field components [e.g., dones et al. 
Storm Evolution
When comparing data from this storm with data froin other storms observed during CAPE, we came to the conclusion that 
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Buffer 346 2D-P Staff Time = 183618.45 Duration = 0.77 sees (Figure 10c ) indicated yet higher concentrations of small particles, and a relatively high number of particles greater than 3 mm in diameter. Those 2D-P images of a•fficient size, and the foil impactor data, indicated that the particles detected in this region, as well as the rest of the downdraft, were ice. As the T-28 flew farther through the doxvndrafi, both devices indicated that rest of the do•vndrafi was fairly homogeneous in particle sizes and concentrations, with someM•at fewer very small and very large particles.
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The magnitudes of the electric field components measured during the second T-28 penetration (Figure 11 At 1845:00, while the T-28 was turning in preparation for a third penetration, the storm showed slow movement to the north, whereas it had been primarily stationary until this time (cf . Figtire 3) . The highest reflectivities at 5 km (over 60 dBz) were found in the center of the storm. This time corresponded to the highest reflectivity detected at the 5-hn level during the entire life of the storm. At this level, the storm had a diameter of approximately 10 kin. The high Zm column •vas located in the northwestern portion of the highest reflectivities at 5 km; the 1.5-dB contour extended up to about 6 kin. The 1.5-dB contour was forrod at a height of about 4 .l•n throughout the remainder of the high-reflectivity core, indicating graupel descending below the freezing level and melting.
3.2.4. P-3 penetration 2. The P-3 began making its second and final penetration at about 1845:00. It flew from the southeast to the northwest at an altitude of •4.1 .l•n (+3øC, ambient). The aircraft flew directly tlu'ough the center of the storm and penetrated the high-reflectivity core (-60 dBz at this level).
The horizontal profile of vertical winds measured by the P-3 was consistent with that of the T-28 in its second penetration. In Table  1 ). For the next 0.5 kin, the probe measured predominantly very small particles, but with maximum sizes steadily increasing with time to 2.2 nun at 1848:00. At this point, the T-28 entered an area of greater reflectivity (50 to 55 dBz). Throughout the rest of the downdraft region, data •¾o111 both the 2D-P probe and foil impactor indicated higher concentrations of particles in all size categories, up to 6.6 mm in diameter. All of the particles detected in the downdraft appeared to be graupel.
There was no distinct boundary, at least in tile particle types, between file downdraft region and the transition zone. The 2D-P images and statistics from the transition zone, 1848:18-1848:31 ( Figure 14b and Table 1 ) revealed higher concentrations of larger graupel particles compared to the dovmdraft. The large number of "splatter" images evident in the PMS record should not be confused with streaker images. These splatter images are the result of mixed-phase precipitation particles hitting one of the probe tips and therefore there is no correlation between these images and high CLWC.
During the first 10 s (-0.9 kin) of the updraft, 1848:32-1848:42, tile T-28 flew through an area with a concentration of large particles similar to that in the transition zone (Table 1) . This 1-km region corresponded to the highest reflectivities and ZDR that were measured in the tipdraft on this pelletration. Relatively fewer small particles (0.4 mm < d <1 mm) were detected in the updraft compared to the transition zone. Data from both the 2D-P probe (Figure 14c ) and foil impactor were in agreement that the vast majority of the particles detected were ice (gmupel), although some raindrops were present. Some of what appear to be streaker images are actually due to a stuck bit in the probe and do not represent real images (a stuck bit is generally represented by a perfectly "straight" image, that is, only one pixel, 0.2 nm] wide). Durillg a narrow dox•qldraft that folloxved, and the remainder of the tipdraft (ending at 1849:00), both devices revealed a broad size distribution with higher concentrations than in the main updraft portion of the penetration. Many of the particles detected in this region appeared to be liquid, and splatter images indicative of mixed-phase particles am also evident.
The peak magnitude of the vertical electric field component during the third penetration was not much different than that during the second penetration, but the horizontal component was much larger than that measured during the second penetration Much more variation in the electric field was measured by the T-28 during this penetration than in the two earlier penetrations. When the vertical component reached its most negative value (1848:18), the T-28 was in the most significant downdraft measured during that penetration. Yet, the particle phases, sizes, and concentrations during this time were similar to those sampled before and after this downdraft was encountered. One interpretation of these observations is that the T-28 was close in altitude to the center of a negative c!•arge layer, and that the center altitude of this region was below the aircraft in the downdraft and above it elsewhere.
Summary of Observations
The early electrical evolution of this storm was strongly coupled with the evolution of the stonn's microphysics. For this reason, we sununarize here the evolution of the storm as a whole and do not break it into electrical and nonelectrical components. 
